We present a numerical model of an accretion disc with mean-field dynamo action that develops a fast pressure-driven outflow within a cone near the rotation axis and a slower centrifugally driven outflow in the outer parts of the disc. The fast outflow in the cone is confined by the azimuthal field which is produced by the dynamo in the disc and advected to the disc corona. The fast outflow has low angular momentum and, in the presence of magnetic fields, is hotter and denser than its surroundings. The cone's half-opening angle is about 30
INTRODUCTION
The importance of magnetic fields for disc accretion is widely recognized (e.g. Mestel 1999) , and the turbulent dynamo is believed to be a major source of magnetic fields in accretion discs (Pudritz 1981; Stepinski & Levy 1988; Brandenburg et al. 1995; Hawley, Gammie & Balbus 1996) . A magnetic field anchored in the disc is further considered to be a major factor in launching and collimating a wind in young stellar objects and active galactic nuclei (Blandford & Payne 1982) ; see Königl & Pudritz (1999) for a recent review of stellar outflows. Yet, most models of the formation and collimation of jets rely on an externally imposed poloidal magnetic field and disregard any field produced in the disc. Our aim here is to study the interaction of a wind with dynamo-generated magnetic fields. We use parameters of young stellar objects in our estimates, but the model applies to systems containing black holes after obvious modifications.
Extensive numerical studies of collimated disc winds have been performed using several types of model. Uchida & Shibata (1985) , Matsumoto et al. (1996) and Kudoh, Matsumoto & Shibata (1998) consider an ideal MHD model of an accretion disc embedded in a non-rotating corona, both permeated by an external magnetic field initially parallel to the disc rotation axis. Intense accretion develops in the disc (Stone & Norman 1994) , accompanied by a centrifugally driven outflow. The wind is eventually collimated by toroidal magnetic field produced in the corona by winding up the poloidal field. Bell (1994) , Bell & Lucek (1995) and ⋆ Also at: NORDITA, Blegdamsvej 17, DK-2100 Copenhagen Ø, Denmark Lucek & Bell (1996 use two-and three-dimensional ideal MHD models to study the formation and stability of pressure-driven jets collimated by poloidal magnetic field, which has a minimum inside the jet. Another type of model was developed by Ustyugova et al. (1995) , Romanova et al. (1997 Romanova et al. ( , 1998 , Ouyed, Pudritz & Stone (1997) and who consider ideal MHD in the corona permeated by an external poloidal magnetic field and subsume the physics of the accretion disc into boundary conditions at the base of the corona. The disc is assumed to be in Keplerian rotation. The corona is non-rotating initially, and the system is driven by matter injection from the disc. Many of these models develop a steady state with a magneto-centrifugal wind (Blandford & Payne 1982) collimated by a toroidal magnetic field, which again is produced in the corona by the vertical shear in the angular velocity.
Our model is based on the resistive compressible MHD equations supplemented with an alpha-effect term (Parker 1979 , Krause & Rädler 1980 confined to the disc to simulate dynamo action there. Gas density is low above the disc and magnetic field reconnection is assumed to heat the corona to virial temperatures. This is modelled by an increased entropy outside the disc. The hot corona does not rotate initially. The disc is cold and is mostly centrifugally supported, so its rotation is nearly Keplerian. The corresponding steady-state solution is used as our initial condition. This solution is, however, unstable because of the vertical shear in the angular velocity between the disc and the corona (Urpin & Brandenburg 1998) . As a result, a meridional flow develops, which exchanges matter between the corona and the disc surface layers. Local mass losses in the disc are then replenished from deeper layers within the disc c 0000 RAS where we allow local mass production whenever and wherever the density decreases below a reference value. Angular momentum transfer by viscous stresses also leads to a departure from the initial state. Matter is heated as it moves into the corona; this leads to overpressure which drives the wind. Strong toroidal magnetic fields produced by the dynamo in the disc are advected into the corona and contribute to confining the wind.
THE MODEL
A simple way to implement a dense, relatively cool disc embedded in a rarefied, hot corona without modelling the detailed physics of accretion and coronal heating is to prescribe a specific entropy distribution s(r) such that s is small within the disc and large in the corona. For a perfect gas with p = K̺ γ and K = exp(s/cv), this implies that K is a function of position (here p and ̺ are gas pressure and density, γ = cp/cv, and cp and cv are the specific heats).
Our intention is to make our model as simple as possible and to avoid detailed modelling of accretion. Therefore, we introduce a mass source in order to compensate for the mass loss from the disc, so that the continuity equation becomes
where u is the velocity field. The mass source is localized in the disc, and turns on once the local density drops below the equilibrium value, ̺0, i.e.
Here, τ̺ is a relaxation time which is chosen to be shorter than the other time scales in the problem, and ξ is a profile that confines the mass production to the disc (see below). Note that we do not fix the distribution and magnitude of q̺ beforehand, but the system adjusts itself such as to prevent the disc from disappearing. We use enthalpy, h = cpT , for a perfect gas, where T is temperature. Enthalpy and gravitational potential Φ combine into the new variable h + Φ (potential enthalpy), and the momentum equation takes the form
where
is the sum of the Lorentz and viscous forces, J = ∇ × B/µ0 is the current density due to the (mean) magnetic field B, µ0 is the magnetic permeability, τ is the viscous stress tensor, and u0 is the velocity of the injected mass.
To ensure that B is solenoidal, we evolve the induction equation written in terms of the vector potential A,
where B = ∇ × A is the mean magnetic field and µ0J = ∇∇ · A − ∇ 2 A. The term αB drives the mean-field dynamo. We consider axisymmetric solutions of Eqs. (1)- (4) and adopt cylindrical polar coordinates (̟, ϕ, z). [Instead of Eq. (1) we actually evolve an equation for the potential enthalpy.] The field in the disc is generated by a standard α
2 Ω-dynamo, where α(̟, z) is antisymmetric about the midplane and vanishing outside the disc. Hence, we adopt
where vA = B(̺µ0) −1/2 is the Alfvén speed and v0 is a free parameter that controls the field strength in the disc. The profile ξ(r) defines the disc,
where g(x, d) is a smoothed Heaviside step function with a smoothing half-width d set to 8 grid zones. So, ξ(r) is equal to unity deep in the disc and vanishes in the corona.
For the magnetic diffusivity we assume η = η0 + ηt(̟, z), where η0 is a uniform background value and the turbulent part ηt = ηt0ξ(r) vanishes outside the disc.
With this we define the polytrope parameter K to be large in the corona and small in the disc,
where β is a free parameter that controls the entropy contrast between the disc and the corona. We always adopt β = 0.1, producing an entropy contrast of ∆s/cp = 2.3. Our initial state is a hydrostatic equilibrium obtained by integrating, for h, the vertical balance equation
from large values of z (where h + Φ = 0) down to z = 0. The initial density distribution ̺0 is obtained from ̺ γ−1 = (1−γ −1 )h/K. The initial rotation velocity, uϕ0, follows from the radial equilibrium equation
In the disc, h = cpT is small, so uϕ0 is close to the Keplerian value, while the corona does not rotate initially. Matter is injected into the disc at the equilibrium velocity u0 = ϕuϕ0. We use a softened gravitational potential of the form
where r = √ ̟ 2 + z 2 is the spherical radius, r0 is the softening radius, and n = 5.
We use dimensionless variables based on the units
where cs is the speed of sound, c −7 M⊙ yr −1 . Since K = 1 in the corona, see Eq. (7), p0 and ̺0 are characteristic of the base of the corona. For our reference model, we use ̟0 = 1.5, z0 = 0.15, r0 = 0.05, β = 0.1, |α0| = 0.3, ηt0 = 10 −3 , η0 = 5 × 10 −4 , and v0 = 3cs. Note that the softening radius r0 corresponds to 7 × 10 10 cm, i.e. one solar radius. With ̟0 = 1.5 and z0 = 0.15 we have a disc aspect ratio of 0.1. We take γ = 5/3 and τ̺ = 0.1 The kinematic viscosity has been adopted as ν = 0.02(v 2 A + c 2 s + u 2 ) 1/2 δx + ν shock , where δx is the mesh size, and ν shock is a shock viscosity that differs from zero only in flow convergence regions. An artificial diffusion term has been included in the evolution equation for the potential enthalpy.
We use third order Runge-Kutta time-stepping and a sixth order finite-difference scheme in space with δx = 0.01 in Figs. 1-4 and 0.02 in Fig. 5 . in both ̟ and z. On the outer boundaries, the induction equation is evolved using one-sided derivatives (open boundary conditions). The normal velocity component has zero normal derivative at the boundary, but is required to be always directed outwards. The tangential velocity components and potential enthalpy on the boundaries are similarly obtained from the next two points away from the boundary. Regularity conditions are adopted on the axis.
Computations have been carried out in domains ranging from (̟, z) ∈ 
RESULTS
We illustrate in Fig. 1 results obtained without any magnetic fields. A strong outflow develops even in this case, driven mostly by the vertical pressure gradient in the transition layer between the disc and the corona, in particular by the term T ∇s in Eq. (3). The gain in velocity is controlled by the total entropy difference between the disc and the corona, but not by the thickness of the transition layer 2d.
The flow is fastest along the rotation axis within a cone of polar angle of around 25
• , where the terminal velocity uz ≈ 3 is reached. Collimation is partly due to obstruction from the dense disc, making it easier for the matter to leave the disc along the vertical. Both temperature and density in non-magnetic runs are reduced in the high speed cone. We found that deeper potential wells, i.e. smaller values of r0 in Eq. (8), result in faster flows (Fig. 2) , and larger opening angles.
In the presence of magnetic fields, temperature and density are enhanced within the inner cone (Fig. 3) . This is a consequence of magnetic pressure, which is strongest outside the inner cone. The outflow becomes more vigorous, uz ≈ 4 within the cone (see Fig. 2 ). In this model we have chosen α0 < 0, consistent with recent results from simulations of dynamo-driven disc turbulence (Brandenburg et al. 1995 , Ziegler & Rüdiger 2000 . The resulting field geometry is roughly dipolar, which is typical of αΩ disc dynamos with α < 0 (e.g., Stepinski & Levy 1988 , Brandenburg, Tuominen & Krause 1990 ). As expected, α0 > 0 results in mostly quadrupolar fields; see Fig. 4 . For α0 < 0, the critical value of α0 for dynamo action is between 0.1 and 0.2, which is a factor of ten larger than without the outflow. Thus, our dynamo is only about twice supercritical. A survey of the dynamo regimes for this model will be presented elsewhere (von Rekowski et al. 2000) .
Our results are insensitive to the size of the computational domain: we illustrate this in Fig. 5 with a larger domain of a size [0, 8] 
The initial magnetic field (poloidal, mixed parity) is weak (Pm ≡ B 2 /2µ0 ≃ 10 −5 ), but the dynamo soon amplifies the field in the disc to Pm ≃ 10 3 , and then supplies it to the corona. As a result, the corona is filled by a predominantly azimuthal field with Pm ≃ 10 −4 ; see Fig. 6 . We note, however, that the flow in the corona varies significantly in both space and time (see movie at URL http://antares.ncl.ac.uk/˜dobler/projects/winds/) The magnetic pressure exceeds the gas pressure in the corona outside the inner cone. The main mechanisms producing Bϕ in the corona are advection by the wind and magnetic buoyancy (cf. Moss, Shukurov & Sokoloff 1999). Magnetic diffusion and stretching of the poloidal field by the vertical shear play a relatively unimportant rôle.
The mass loss rate in the wind fluctuates on a time scale of 5 time units, but remains constant on average at a level of about 5, or 10 −6 M⊙ yr −1 . The mass in the disc also remains roughly constant. The rate at which mass needs to be replenished in the disc is only about 0.4. This is not controlled by the relaxation rate τ −1 ̺ , which is 25 times larger. The field in the disc is dominated by the toroidal component; |Bϕ|/|Bz| ∼ 30. However, this ratio is closer to unity at larger radii where magneto-centrifugally driven wind dominates; see Fig. 6 . The resulting field geometry (e.g. Fig. 3 ) is such that the angle between the disc surface, shown with a thin line, and the field lines is less than 60
• for ̟ > ∼ 0.5, which is favourable for magneto-centrifugal acceleration (Blandford & Payne 1982 , Campbell 1999 . The thermal pressure gradient is the dominant accelerating force for ̟ < ∼ 0.5. The dependence of the radial mass flux density on spherical polar angle is shown in Fig. 7 . The fast pressuredriven flow in the inner cone carries most of the mass, whereas the slow magneto-centrifugal wind in the outer parts carries most of the angular momentum and magnetic field. Note that a significant part of angular momentum is carried away in the disc plane whilst magnetic field is ejected at intermediate angles. 
DISCUSSION
Our model develops a clearly structured outflow: the flow within an axial cone is dense, fast, hot and has low angular momentum, whereas the outer wind in the equatorial regions is slower but has larger angular momentum. The full opening angle of the cone is about 50
• . Similar overall features have been inferred by Greenhill et al. (1998) for the BN/KL (or Becklin-Neugebauer/Kleinmann-Low) region in the Orion Nebula, as traced by SiO and H2O masers. These authors argue that the outflow has coexisting conical bipolar and equatorial components. The conical outflow, observed out to a distance of 25-60 AU from its origin, has an opening angle of 60
• , speed exceeding 50 km/s, and does apparently not rotate. The material inside the cone should be hot and turbulent to suppress the maser action. The equatorial outflow has an opening angle of 80
• , speed of 13 km/s at ̟ = 200-500 AU and rotation less than a few km s −1 ; it may extend out to 1000 AU.
The axial outflow in our model is driven mostly by the prescribed entropy gradient between the disc and the corona. It is important that matter is replenished in the disc in a self-regulatory manner where and when needed. The disc mass quickly drops to low values and the outflow ceases if we put q̺ = 0 in Eqs (1) and (3). The basic features of the outflow (confinement, launching) are only weakly affected by the parity of the magnetic field.
We should stress the importance of finite magnetic diffusivity for our model: although the velocity and magnetic fields are well aligned in most of the domain, the matter can only enter the inner cone by crossing magnetic lines.
In reality, both dynamo-generated and external magnetic field may be present, so a more comprehensive model could include both in different proportions. We used an α 2 Ω dynamo to represent the magnetic field generation in the disc because we have restricted ourselves to axisymmetric models. This restriction can be relaxed in three-dimensional simulations. The assumption of a prescribed entropy profile is a useful tool to control the size of the disc. However, it should be relaxed as soon as the disc physics can be described more consistently, in particular by locating the mass source at a large radius, as appropriate, e.g., for Roche lobe overflow. Furthermore, the full energy equation, possibly with radiation transfer, should be included. This would lead to a self-consistent entropy distribution in disc and corona and would allow the deposition of viscous and Ohmic heat in the outflow.
In our model there is a significant Poynting flux from the dynamo-active disc. Assuming that this equally applies to protostellar and AGN discs, this result could be important for understanding the origin of seed magnetic fields in galaxies and galaxy clusters; see Brandenburg (2000) for an estimate.
